The purpose of this study was to investigate hemoglobin and iron handling after subarachnoid hemorrhage (SAH), examine the relationship between iron and neuroglial cell changes, and determine whether deferoxamine (DFX) can reduce SAH-induced injury. The SAH was induced in Sprague-Dawley rats (n = 110) using an endovascular perforation technique. Animals were treated with DFX (100 mg/kg) or vehicle 2 and 6 hours after SAH induction followed by every 12 hours for 3 days. Rats were killed at 6 hours, Days 1 and 3 to determine nonheme iron and examine ironhandling proteins using Western blot and immunohistochemistry. 8-Hydroxyl-2 0 -deoxyguanosine and terminal deoxynucleotidyl transferase-mediated dUTP nick end-labeling (TUNEL) staining were performed to assess oxidative DNA damage and neuronal cell death. After SAH, marked hemeoxygenase-1 (HO-1) upregulation at Day 3 (P < 0.01) was accompanied by elevated nonheme iron (P < 0.01), transferrin (Tf) (P < 0.01), Tf receptor (P < 0.05), and ferritin levels (P < 0.01). Deferoxamine treatment reduced SAH-induced mortality (12% versus 29%, P < 0.05), brain nonheme iron concentration, iron-handling protein expression, oxidative stress, and neuronal cell death at Day 3 (P < 0.01) after SAH. These results suggest that iron overload in the acute phase of SAH causes oxidative injury leading to neuronal cell death. Deferoxamine effectively reduced oxidative stress and neuronal cell death, and may be a potential therapeutic agent for SAH.
Introduction
Despite considerable improvements in treatment, the mortality rate within the first few days after subarachnoid hemorrhage (SAH) is still B35%. Thus, early brain injury represents the primary cause of mortality in SAH patients (Broderick et al, 1994) . It is believed that early diagnosis and treatment of the underlying aneurysm are critical for potential reduction in mortality rate (Sehba and Bederson, 2006) . Although the underlying injury mechanisms during this early period remain poorly understood, the combination of increased intracranial pressure (ICP) and decreased cerebral blood flow resulting in global ischemia is considered the leading cause of SAH-induced early brain injury (Sehba and Bederson, 2006) . Although hemoglobin has been intensively studied as a potent factor for vasospasm in SAH studies (Macdonald and Weir, 1991) , only a few studies have investigated the effect of hemoglobin and its major degradation product iron on cellular changes immediately after SAH (Turner et al, 1998) . It is well known that the amount of blood released during SAH correlates with neurologic deficits and poor clinical outcome (Brouwers et al, 1993) . Blood released into the subarachnoid space clots almost immediately and disappears within 3 days via clot lysis, which starts early after SAH (Nina et al, 2001) . Recent evidence indicates that oxidative injury because of excessive hemoglobin and iron overload contributes significantly to brain damage after intracerebral hemorrhage (ICH; Xi et al, 2006 ). Iron, a major hemoglobin degradation product, also has a key role in neurodegeneration, for example in Alzheimer's disease and Parkinson's diseases (Benarroch, 2009 ). Thus, it seems likely that subarachnoid blood clot may additionally trigger cellular and molecular responses resulting in secondary brain injury.
After SAH, the brain is exposed to high concentrations of hemoglobin as erythrocytes lyse, especially at the basal surface of the brain (Lee et al, 2009a) . Furthermore, it has been reported that subarachnoid blood distributes rapidly over the entire brain and penetrates easily into the deeper layers of the cortex within a few hours (Turner et al, 1998) . Heme is degraded in brain by heme-oxygenase (HO) into carbon monoxide, biliverdin, and iron. Three HO isoforms have been identified in mammalian brain tissue (Wagner et al, 2003) . Heme-oxygenase-1 is expressed primarily by glial cells and is induced by heat shock, heme, and a variety of oxidants. Hemeoxygenase-2 is constitutively expressed by neurons and endothelial cells . The role of HO-3 in brain remains to be clarified (Wagner et al, 2003) .
Iron is an essential element needed for processes such as neuronal development, myelination and synthesis of neurotransmitters (Carbonell and Rama, 2007) . However, free iron can react with H 2 O 2 and O 2 À to form hydroxyl radicals (OH d ) in a sequence of Fenton or Haber-Weis reactions, which can inactivate or destroy biomolecules (Carbonell and Rama, 2007) . Most of the nonheme iron in brain is bound to ferritin as Fe 3 + , and can only be released after being reduced to Fe 2 + . The reduction and release of iron from ferritin can be accomplished by superoxide, acidic pH, ascorbate, and catecholamines, all of which are abundant in the extracellular fluid of the brain, particularly during hypoxia ischemia (Carbonell and Rama, 2007) . Moreover, changes in iron metabolism resulting in increased intracellular iron accumulation in the brain have been associated with iron-mediated neurotoxicity leading to greater brain damage in experimental cerebral ischemia or with early neurologic deterioration and excitotoxicity in patients with acute ischemic stroke (Dávalos et al, 2000) . Several of our earlier studies have shown that iron deposition after ICH causes oxidative injury resulting in brain edema and neuronal cell death and delayed brain atrophy (Hua et al, 2006; Huang et al, 2002; Nakamura et al, 2004; Song et al, 2007) . The degree of brain lesion correlates directly with regional iron concentration (Koeppen et al, 1995) . Iron-induced oxidative damage in specific brain regions has also been found in Alzheimer's disease and Parkinson's disease (Benarroch, 2009) . Iron accumulation may induce neuronal cell injury even after binding to ferritin. Iron can be released in its ferrous form under the acidic conditions present in extracellular fluid (Bishop and Robinson, 2001 ). Conditions such as SAH or hypoxia ischemia might further aggravate the potential for iron release from transferrin (Tf) or ferritin because of decreased pH (Carbonell and Rama, 2007) and the creation of an electrolyte imbalance within the brain extracellular fluid (Bishop and Robinson, 2001) . Also, considering the amount of iron released after intracranial hemorrhage, it is likely that many of the mechanisms responsible for normal iron homeostasis may become saturated and that the excess iron present can induce significant neurotoxicity (Levy et al, 2002) . Thus, studies have shown that iron overload can result in a large increase in the chelatable free iron pool, which is too large to be sequestered by cellular ferritin (Carbonell and Rama, 2007 ).
An iron chelator, deferoxamine (DFX), is used to treat iron toxicity in hemochromatosis (Prass et al, 2002) . Previous studies from our laboratories found that DFX reduces hemoglobin-induced brain edema and decreases brain injury in experimental ICH (Nakamura et al, 2004; Song et al, 2007) .
This study focuses on the role of subarachnoid hemoglobin and iron in brain injury during the acute phase of SAH and examines the effect of DFX on SAH-induced injury. Recently, we showed that the endovascular perforation SAH rat model is more suitable for studying the acute pathophysiology of SAH compared with a cisterna magna injection model, which yields smaller SAHs and less brain damage (Lee et al, 2009a) . Therefore, this experimental model was used for SAH induction.
Materials and methods

Animal Preparation and Subarachnoid Hemorrhage Induction
The protocols for these animal studies were approved by the University of Michigan Committee on the Use and Care of Animals at the University of Michigan. A total of 145 adult male Sprague-Dawley rats weighing between 275 and 325 g were used. General anesthesia was induced with 5% isoflurane (Aerrane; Baxter Healthcare Corp., Deerfield, IL, USA). After intubation and initiation of mechanical ventilation, isoflurane was titrated between 2.25% and 2.75% to maintain a mean arterial pressure between 80 and 120 mm Hg. Blood was obtained from the catheter for analysis of pH, PaO 2 , PaCO 2 , hematocrit, and blood glucose. Body temperature was maintained at 371C, with use of a feedback-controlled heating pad.
In supine position and after a left paramedian incision of the ventral neck, the left external carotid artery was identified under a surgical microscope, transected distally, and reflected caudally in line with the internal carotid artery. A 3-0 nylon monofilament suture with rounded tip to prevent endothelial injury was inserted into the stump of external carotid artery past the common carotid artery bifurcation and into the internal carotid artery. The external carotid artery was tightened around the suture to prevent blood loss. The filament was advanced distally into the intracranial internal carotid artery and carefully perforated under ICP monitoring. The SAH was confirmed by a sudden rise in ICP. The suture was then withdrawn producing hemorrhage. Common carotid artery was temporarily occluded for 2 minutes to limit the hemorrhage volume. Sham-operated control rats underwent an identical procedure except that the suture was not advanced beyond the point of resistance. The suture was withdrawn 5 minutes after insertion.
After recovery, the animals were maintained in an air-conditioned room at 201C, with ad libitum to food and water. Neurologic evaluation was performed daily for 5 minutes in their normal environment (cage) as previously described (Lee et al, 2009a) .
Study Design and Experimental Groups
Before SAH induction, the rats were randomly assigned to three groups: sham, and SAH without and with DFX (100 mg/kg) treatment. Deferoxamine was administered intraperitoneally 2 and 6 hours after hemorrhage followed by every 12 hours for 3 days. Rats were killed at 6 hours, Days 1 and 3 after SAH induction. Biochemical and immunohistological studies were performed focusing on the neuroglial changes in the left frontobasal brain tissue next to arterial perforation site as a consequence of excessive hemoglobin and iron accumulation. After removal, the brain was processed for immunohistochemical studies or an B4 mm thick coronal slice around optic chiasm was separated and the left frontobasal cortex sampled for determination of nonheme brain iron content and Western blot analysis.
The study was performed in three parts. Part 1 examined nonheme brain tissue iron content at 6 hours, Days 1 and 3 after hemorrhage (n = 5 per time point and group). Part 2 investigated HO-1, Tf, Tf receptor (TfR), and ferritin levels by Western blot analysis (n = 7 per time point and group). Part 3 examined HO-1 and ferritin expression by immunohistochemistry and immunofluorescent double labeling (n = 5 per time point and group), and 8-hydroxyl-2 0 -deoxyguanosine (8-OHdG) and terminal deoxynucleotidyl transferase-mediated dUTP nick end-labeling (TUNEL) staining were performed to assess oxidative cell injury and neuronal cell death (n = 5 per time point and group). Sham-operated rats were killed at 6 hours, Days 1 and 3 (n = 5 each). Wherever possible, the investigators were masked to the treatment applied.
Intracranial Pressure
After positioning in a stereotactic frame (Kopf Instrument, Tujunga, CA, USA), a small scalp incision was made right frontal paramedian, and the ICP transducer (TSD175A, Samba Sensors) was inserted through a burr hole (3 mm lateral to midline and 1 mm rostral to coronal suture). The ICP was measured using a digital ICP monitor (MPMS100A-1; Biopac System, Goleta, CA, USA).
Grading of Subarachnoid Hemorrhage
In all animals, the extent of SAH was evaluated using a modified grading system of Sugawara et al (2008) as described previously (Lee et al, 2009b) . The basal brain including brainstem was divided into six segments (anterior and posterior Circle of Willis on both sides and left and right brainstem). Each segment was assigned to grade from 0 to 3 depending on the amount of subarachnoid blood clot as follows: Grade 0, no subarachnoid blood; Grade 1, minimal subarachnoid blood; Grade 2, moderate blood clot with recognizable arteries; and Grade 3, blood clot covering the cerebral arteries. The blood distribution in ventrolateral brainstem was also considered Grades 2 and 3 depending on blood amount.
Nonheme Brain Tissue Iron Determination
Rats were killed at 6 hours, Days 1 and 3 after SAH. The brains were extensively perfused with 0.1 mol/L phosphate-buffered saline (PBS) (pH 7.4) before decapitation. After brain removal, the remaining subarachnoid blood was carefully removed from the basal surface of the brain. A coronal slice of basal brain B4 mm thick around optic chiasm (between À2.8 and 1.2 mm in relation to the Bregma) was cut. Ipsilateral frontobasal cortex was separated and weighed. Nonheme brain tissue iron concentration was determined as reported previously (Wu et al, 2003) . Briefly, brains were homogenized and 1 mL of 8.5 mol/L HCl added. Brain samples were hydrolyzed at 901C for 60 minutes. After cooling, 2 mL of 20% trichloroacetic acid was added to precipitate the proteins, and the supernatant was collected after centrifugation. The supernatant was then run through an acid-washed filter and the precipitate was washed with 1 mL of 4.25 mol/L HCl plus 20% trichloroacetic acid (1:1). The supernatant was collected and 4 mL of 1 mol/L sodium citrate was added. The pH was adjusted to 3.1 and the final volume was adjusted to 25 mL. The total nonheme iron concentration was assayed by a spectrophotometer with ferrozine as color reagent.
Western Blot Analysis
Rats were anesthetized and underwent intracardiac perfusion with 0.1 mol/L PBS (pH 7.4). Brains were removed and a 3-mm-thick coronal slice was cut at the level of optic chiasm, and the ipsilateral frontobasal cortex separated. Western blot analysis was performed as described previously (Lee et al, 2009b) . Briefly, brain samples were sonicated in Western blot lysis buffer. Protein concentration was determined using a Bio-Rad Laboratories (Hercules, CA, USA) protein assay kit. Protein samples (50 mg) were separated by sodium dodecyl sulfate-polyacrylamide gel electrophoresis and transferred to a hybond-C pure nitrocellulose membrane (Amersham, Piscataway, NJ, USA). Membranes were blocked in Carnation nonfat milk and probed with primary and secondary antibodies. Primary antibodies were the following: polyclonal rabbit anti-horse spleen ferritin (Sigma, St Louis, MO, USA; 1:250 dilution), polyclonal rabbit anti-human Tf (DAKO, Carpinteria, CA, USA; 1:1000 dilution), monoclonal mouse anti-human TfR (ZYMED Laboratories Inc, San Francisco, CA, USA; 1:2000 dilution), or polyclonal rabbit anti-rat HO-1 (StressGen, San Diego, CA, USA; 1:2500 dilution). Antigen-antibody complexes were visualized with the ECL chemiluminescence system (Amersham) and exposed to Kodak X-OMAT film. Relative band densities were analyzed with NIH Image program (Version 1.61).
Immunohistochemistry and Histochemistry
Rats underwent intracardiac perfusion with 4% paraformaldehyde in 0.1 mol/L PBS (pH 7.4). Brains were removed and kept in 4% paraformaldehyde for 12 hours, then immersed in 25% sucrose for 3 days at 41C. Brains were then placed in embedding compound and sectioned (18 mm) on a cryostat. Immunohistochemical staining was performed using the avidin-biotin complex technique. Primary antibodies were polyclonal rabbit anti-rat HO-1 (StressGen; 1:400 dilution) and rabbit anti-human ferritin (DAKO; 1:100 dilution). Normal rabbit IgG (Vector Laboratories, Burlingame, CA, USA) was used as a negative control.
Immunohistochemistry for 8-OHdG was used to examine oxidative DNA injury and performed as previously described (Nakamura et al, 2004) . Sections were incubated in 1:10 horse serum (Vector Laboratories) for 30 minutes, rinsed, and incubated overnight with primary antibody (mouse anti-8-OHdG monoclonal antibody, 10 mg/mL; Oxis International Inc, Portland, OR, USA). Normal mouse IgG (Vector Laboratories) was used as a negative control. The secondary antibody was anti-mouse IgG antibody (1:150; Vector Laboratories).
To detect DNA fragmentation, sections were processed for TUNEL using an in situ cell death detection kit (Intergen, Burlington, MA, USA). In brief, sections were dried, rehydrated in PBS, and fixed in paraformaldehyde for 10 minutes. After permeabilization for 5 minutes with ethanol 95%-acetic acid (2:1) at À201C, sections were incubated with a mixture of terminal deoxynucleotidyl transferase and fluorescein-conjugated deoxyuridine triphosphate for 1 hour at 371C. The reaction was stopped by PBS washing.
Cell counting was conducted in the basal cerebral cortex on Â 40 microscopic images using a CK-2 Olympus microscope. Positive cells were counted in three separate fields in three different slices cut at the level of the optic chiasm. Five animals per group were analyzed.
Immunofluorescent Double Labeling
For immunofluorescent double labeling, the primary antibodies were rabbit anti-human ferritin (DAKO; 1:100 dilution), mouse anti-rat OX-42 (Serotec, Raleigh, NC, USA; 1:100 dilution), goat anti-glial fibrillary acid protein (Santa Cruz, Santa Cruz, CA, USA; 1:100 dilution), and mouse anti-neuronal nuclei (NeuN; Chemicon, Billerica, MA, USA; 1:100 dilution). Rhodamine-conjugated goat antirabbit (Vector Laboratories, 1:100 dilution), fluorescein isothiocyanate-labeled horse anti-mouse and rabbit antigoat antibodies (Chemicon; 1:100 dilution) were used as secondary antibodies.
To assess colocalization with ferritin, TUNEL staining was followed by incubation with PBS containing 10% normal goat serum, 1% bovine serum albumin, and 0.3% Triton X-100 to prevent nonspecific conjugate binding. Sections were then incubated overnight at 41C with primary antiferritin antibody (DAKO). After washing, sections were incubated with secondary antibody for 2 hours.
Statistical Analysis
Values are presented as means±s.d. Statistical comparisons between groups were performed using one-way analysis of variance followed by either a Dunnett's or a Tukey's post hoc test, the former for comparisons to a single control group, the latter to compare across multiple groups. Mortality was compared with a w 2 test. A probability of P < 0.05 was considered to be statistically significant.
Results
Physiological parameters including mean blood pressure, blood pH, blood gases, hematocrit, and blood glucose were recorded and were controlled within normal ranges at the onset of SAH.
Subarachnoid Hemorrhage Extent and Mortality Rate
No sham-operated control animals died. The SAH induction caused a sudden increase in ICP from 8 ± 2 to 65 ± 13 mm Hg. The mortality rate in the SAH group without DFX treatment was 29% (21 of 72 rats). Deferoxamine treatment decreased the mortality rate to 12% (7 of 58, P < 0.05). All animals in both groups had extensive SAH. This was particularly pronounced on the ipsilateral side, around the Circle of Willis, and along the ventral brainstem (Figure 1) . A SAH score was used to assess the degree of hemorrhage. At 24 hours after hemorrhage, the score was 14 ± 3 and 13 ± 2 out of a possible 18 in the SAH groups without and with DFX treatment, respectively. Despite the rapid clearance of subarachnoid blood, a significant amount of blood clot could still be observed on Day 3 (Figure 1 ).
Increased Heme-Oxygenase-1 Expression After Subarachnoid Hemorrhage
The HO-1 expression as assessed by Western blot was low in brain tissue from sham-operated rats and few HO-1-positive cells were found by immunohistochemistry (Figure 2) . In vehicle-treated SAH rats, a marked increase in HO-1 protein level was observed on Day 1 (13,529 ± 1802 versus 7634 ± 2409 pixels in controls, P < 0.01) after SAH, reaching a maximum at Day 3 (15,242±2720, P < 0.01; Figure 2 ). Accordingly, HO-1 immunoreactivity was evident as early as 6 hours after SAH induction, and markedly induced on Days 1 and 3 compared with sham-operated controls. The HO-1-positive cells were detected in the cortical area of the basal brain, and the immunoreactivity was predominantly localized to cells with small, rounded cell bodies with welldefined processes, consistent with microglia ( Figure 2) . Treatment with DFX greatly reduced the induction of HO-1 by SAH.
Nonheme Iron Concentration in the Brain Tissue
Brain nonheme iron levels increased progressively in vehicle-treated SAH rats, reaching a maximum 3 days after SAH (101 ± 16 versus 43 ± 10 mg/g brain tissue in the sham-operated control group, P < 0.01). This increase in nonheme iron after SAH was markedly reduced by systemic DFX treatment (64 ± 17 mg/g brain tissue at Day 3, P < 0.05; Figure 3 ).
Time Course of Iron-Handling Proteins
Transferrin is involved in the transport of iron into cells through binding to its receptor TfR. After SAH induction in vehicle-treated rats, Tf and TfR protein levels increased rapidly, reaching a maximum at Day 3 (6540±2567 versus 538±555 pixels in controls for Tf, P < 0.01 and 8275 ± 1785 versus 3498 ± 1811 pixels in controls for TfR, P < 0.05; Figure 4 ). Treatment with DFX markedly reduced Tf and TfR expression (1561 ± 671 pixels, P < 0.05 and 3724 ± 1885 pixels, P < 0.05 for Tf and TfR, respectively).
Ferritin is a key iron-storage protein in the brain. Western blot analysis showed that ferritin levels Severe SAH was seen around the Circle of Willis and along the ventral brainstem 6 hours after hemorrhage (B). Then, SAH diminished slowly over 3 days after hemorrhage (D). The extent of SAH was assessed 24 hours after hemorrhage (C). The basal surface of the brain was divided into six segments and each segment rated for hemorrhage (3: massive hemorrhage covering the cerebral arteries; 2: moderate blood clot with recognizable arteries; 1: minimal subarachnoid blood; 0: no blood).
were low 6 and 24 hours after SAH in vehicle-treated rats and did not differ significantly compared with sham-operated rats. However, levels increased significantly on Day 3 after SAH (6693±1596 versus 1474±797 pixels in sham-operated controls, P < 0.01; Figure 5 ). By immunohistochemistry, few ferritin-positive cells were found in normal brain. However, after SAH, the number of ferritin-positive cells progressively increased over 3 days after hemorrhage (data not shown). Double labeling showed that most ferritin-positive cells were either microglial cells or neurons (Figures 6A-6I ). Western blot analysis showed that systemic DFX administration significantly reduced ferritin expression (3074±557, P < 0.01).
To detect the relationship between ferritin-and TUNEL-positive cells, double staining was performed. Most TUNEL-positive cells were ferritin positive and neuron like (Figures 6J-6L ).
Neuronal Cell Death and Oxidative DNA Injury DNA damage in brain was detected by TUNEL staining at Days 1 and 3 after SAH in vehicle-treated rats. The TUNEL-positive cells showed apoptotic characteristics, such as chromatin condensation and fragmented nuclei. Numerous TUNEL-positive cells were found in the cortical and subcortical area of the basal brain at Day 1 and further increased at Day 3 after hemorrhage. Deferoxamine treatment caused a significant reduction in TUNEL-positive cells at Day 1 (122 ± 23 and 65 ± 16, P < 0.01) and at Day 3 (162±28 and 40±22, P < 0.01, n = 5; Figures  7A-7D and 7I) .
To examine oxidative DNA damage, 8-OHdG immunohistochemistry was performed. In vehicletreated SAH rats, extensive 8-OHdG immunoreactivity was found at Days 1 and 3 (Figure 7) . The cortical and subcortical distribution in the basal brain was similar to that found with TUNEL staining. The number of 8-OHdG-positive cells was significantly 
Discussion
This study determined changes in brain nonheme iron and proteins related to iron handling (HO-1, Tf, TfR, and ferritin) in the acute phase after SAH and examined the effects of an iron chelator, DFX, on those changes and SAH-induced brain injury. The SAH induced marked increases in brain nonheme iron and iron-handling proteins. Systemic DFX treatment largely prevented those changes and reduced SAH-induced cell damage (oxidative DNA damage and TUNEL staining). Together, these results suggest that iron may be a target for reducing acute brain injury after SAH.
Nonheme Iron and Iron-Handling Proteins After Subarachnoid Hemorrhage
After SAH, a large amount of hemoglobin is released into the subarachnoid space (Lee et al, 2009a) . Hemeoxygenase is a key enzyme for heme degradation (Wagner et al, 2003; Xi et al, 2006) . In this study, HO-1 expression rapidly increased in the basal brain at Day 1 after SAH, and peaked at Day 3. Immunohistochemistry showed that HO-1 was mainly localized to microglia in cortical area, in accordance with previous studies (Turner et al, 1998; Wu et al, 2003) . This response might be the result of intraparenchymal hemoglobin overload after lysis of subarachnoid erythrocytes and subsequent penetration of hemoglobin into adjacent brain tissue (Turner et al, 1998) . Heme is a potent inducer of HO-1 (Wagner et al, 2003) . However, HO-1 can be induced by a wide variety of the factors including hydroxyl radicals and inflammatory mediators (Syapin, 2009) . Our finding that DFX blunted SAH-induced HO-1 upregulation suggests that iron-mediated free radical production contributes to the upregulation or that DFX can interfere with induction of HO-1 by heme. Heme-oxygenase-1 degrades hemoglobin into carbon monoxide, biliverdin, and iron. Thus, the increase in HO-1 along with its substrate, heme, after SAH is very likely responsible for the increase in brain nonheme iron found in this study. The block of SAH-induced HO-1 upregulation by DFX may contribute to the lower nonheme iron levels in DFXtreated rats.
Whether HO-1 is beneficial or detrimental in hemorrhagic injury is still unclear (Wagner et al, 2003) . Although overexpression of HO-1 protects neurons from oxidative injury (Chen et al, 2000) , inhibition of HO has been associated with attenuation of perihematomal brain edema (Huang et al, 2002) .
This study showed a progressive increase in brain nonheme iron with peak at Day 3 after SAH, paralleling the rise in HO-1 expression. Nonheme tissue iron was measured to avoid the influence of hemoglobin from the hematoma (Wu et al, 2003) . The increased iron deposition was associated with a considerable upregulation of iron-handling proteins, Tf and TfR. Transferrin, an 80-kDa iron-transporting glycoprotein, binds iron in the extracellular space and cerebrospinal fluid (Wagner et al, 2003) . Cellular uptake of Tf-bound iron occurs by binding to TfR, which appears to be localized to neuron-like cells in perihematomal area after ICH (Wagner et al, 2003) . By transporting iron into cells, they probably limit the damage that would be induced by an increase in extracellular iron during hematoma lysis. Brain Tf and TfR levels are also altered in various neurodegenerative disorders (Benarroch, 2009; Wagner et al, 2003) .
Excess intracellular iron not used for metabolic purposes is normally stored in the cytosol bound to ferritin, protecting cells from oxidative damage (Wagner et al, 2003) . Fully assembled ferritin consists of 24 subunits of H-and L-subunits, and has been found mainly in glial cells (Connor et al, 1994) . The brain can produce ferritin, and hemoglobin degradation products such as iron and heme are strong ferritin inducers through iron regulatory proteins (Eisenstein et al, 1991) . After SAH, ferritin expression was increased and the time course paralleled the increase in nonheme brain tissue iron, suggesting that regulation of ferritin synthesis after SAH is mainly iron mediated, as in ICH (Wu et al, 2003) . In ICH, most ferritin-and iron-positive cells are microglia (Wu et al, 2003) . However, in this study, ferritin was localized in neurons as well as microglia after SAH. This observation is supported by Nakamura et al (2004) , who reported that Perl's positive cells were neuron like in the acute phase after ICH.
Oxidative DNA Injury and Acute Neuronal Cell Death
Because of high iron content after SAH and abundance of oxidizable lipids in neuronal membranes, the generation of toxic hydroxyl radicals may present a significant problem for the brain (Carbonell and Rama, 2007) . Recently, significantly increased O 2 À production after SAH has been shown, suggesting oxidative stress has a significant role in acute brain injury (Endo et al, 2007) . DNA is vulnerable to oxidative stress, and based on the observation that 8-OHdG is formed in cellular DNA on treatment with various oxygen radical-producing agents, it has been used as a marker of oxidative DNA injury (Kasai et al, 1986; Nakamura et al, 2004) . The TUNEL staining is an additional sensitive marker of DNA damage (Chen et al, 1997) . DNA damage can result either from endonuclease-mediated DNA fragmentation (apoptosis) or oxidative injury (Graham and Chen, 2001 ). In the current study, TUNEL-and 8-OHdG-positive cells increased progressively on Days 1 and 3 after SAH induction, suggesting that DNA damage may be an important injury mechanism after SAH. Such DNA damage was markedly reduced by DFX treatment, indicating a potential role for iron in that damage.
Colocalization studies of TUNEL with ferritin indicated that the majority of dying cells were ferritin positive and neuron like. In vitro studies have shown differential cellular responses to excess iron (Kress et al, 2002) and hemoglobin (Regan and Panter, 1993) with severe toxicity in neurons but not glial cells. Furthermore, prolonged ferritin elevation within neurons can lead to neurodegeneration and neurotoxicity (Kaur et al, 2007) .
Recently, increased autophagic changes in neurons, which may potentially lead to cell death, have been shown in the same basal structures during the acute phase of SAH (Lee et al, 2009b) . This phenomenon was pronounced after injection of iron into the basal ganglia (He et al, 2008) and could partly be explained by activation of autophagic pathways for removal of large amount of ferritin after binding of intracellular redox-active iron (Kurz and Brunk, 2009 ).
Deferoxamine
Deferoxamine is clinically used for treatment of acute iron intoxication and chronic iron overload because of transfusion-dependent anemia. Deferoxamine rapidly penetrates the blood-brain barrier after intraperitoneal injection and accumulates in brain at significant concentrations (Palmer et al, 1994) . Deferoxamine chelates free iron forming a stable complex preventing iron from entering into further chemical reactions. On the basis of previous studies from our laboratories, DFX was injected intraperitoneally at 100 mg/kg beginning 2 and 6 hours after hemorrhage and then every 12 hours. Deferoxamine has been shown to reduce hemoglobin-induced brain edema, to ameliorate ICH-induced oxidative DNA damage and neuronal toxicity (Nakamura et al, 2004; Song et al, 2007) . Moreover, DFX increases levels of APE/Ref-1, which is involved in DNA repair (Nakamura et al, 2004) . In this study, DFX markedly reduced brain nonheme iron and, probably as a consequence, also lowered the expression of iron-handling proteins. Moreover, oxidative injury was ameliorated and TUNEL-labeled cell death reduced. These findings suggest that DFX effectively diminished hydroxyl radical formation and oxidative stress by sequestering redox-active iron. However, DFX may have other effects. Thus, it exerts inflammatory process modulating effects by stimulating cyclooxygenase (Tanji et al, 2001) . It can also induce brain tolerance via hypoxiainducible factor-1, which regulates a number of neuroprotective genes, including erythropoietin (Prass et al, 2002) .
The current study has some limitations. The mechanism(s) involved in HO-1 induction after SAH requires further examination. Heme-oxygenase-1 expression can be induced by inflammatory processes (Syapin, 2009 ) and significant upregulated tumor necrosis factor-a or nuclear factor-kB upregulation has been shown after SAH (Simard et al, 2009 ). Moreover, HO-1 induction seems to be able to control the high-mobility group box-1 translocation and extracellular secretion (García-Arnandis et al, 2010) , which has an important role in the inflammatory process in the brain, and its downregulation causes a dramatic reduction in infarct size in a stroke model (Yang et al, 2010 
Conclusion
In the acute phase after SAH, subarachnoid hemoglobin and a marked HO-1 upregulation lead to increased iron release and production of proteins involved in iron transport and storage in the basal part of the brain. Moreover, large amounts of iron arising from hemoglobin degradation might participate in the generation of free radicals leading to increased oxidative injury and DNA damage. Systemic administration of DFX reduced iron level and iron-handling proteins and significantly ameliorated oxidative injury and neuronal cell death. Thus, increased iron deposition in the brain tissue after subarachnoid hemoglobin degradation may be a therapeutic target for patients with SAH.
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